Abstract. The dynamics of liquid-vapor phase-change in the nanosecond time-scale induced by pulsed-laser heating of a liquid on a solid sample is studied by means of optical reflectance and scattering measurements, and the piezoelectric detection technique. The Iiquids studied include water, ethanol, merhanol, EsopmPmpyl Alcohol P A ) , and mixtures of water and IPA. Here, we present, in addition to the optical, reflectance and scartering monitoring, the simultaneous application of the piezoelectric transducer measurements to the study of nucleation dynamics and explosive vaporization of various liquids on an opaque soIid sample that is flash heated by a short laser pulse. h an analogy 10 the reflectance signal, it is also observed &at the transient acoustic signal exhibits a threshold behavior which confirms bubble nucleation. Furthermore i t is observed that Ithe pressure wave generated by the liquid explosion causes repetitive cavitations at the surface of the solid sample.
PACS: 64.70.Fx, 79.20.D~
The science of the metastability behavior of superheated pure or mixed Iiquids is well established only in the nearsteady-state regime with a time scale of microseconds or longer [1] [2] [3] [4] . In the much faster repme with a time-scale of nanoseconds, superheated liquids may have different behavior, including lhe limit of the superheat, bubble nucleation and growth lunetics, and heterogeneous nucleation process at a surface. Such behaviors in the fast regime have not been investigated, because the traditional experimental techniques, such as short-pulsed elecnical-current heating [l] and bubble column apparatus [5] , lack speed and sensitivity. Recently, we have used pulsed-laser heating to produce faster superheating of liquids in the nanosecond-time-scale.
In pulsed-laser heating the liquid can be heated directly if it is absorptive at the laser wavelength, as has been the approach in the heating of a liquid with the free surface in a container [6] , or in the studies of explosive vaporization of aerosol droplets by C02 lasers 57, 81. Alternatively, the liquid can be heated indirectly if it is transparent to the laser wavelength but is in contact with an opaque solid sample which absorbs the laser light. Recently, it was observed that this kind of liquid evaporation can be efficiently used to remove submicron-sized particles from soIid surfaces [9, 10] . Due to the practical significance of this "s;team laser cleaning", many physical aspects such as nucleation dynamics, explosion tlmsholds for different Iiquids and substrates, and the pressures generated by the evaporation process need detailed investigation. Various methods including piezoelectric detection [ I I], optical transmission probe [12, 13] , and probe-beam deflection [I41 have been applied previously to the studies of these phenomena with some experimental re-
strictions.
A mote general method for the study of nucleation and growth of bubbles at a liquid-solid interface is the opticd reflectance probe, which can be applied to opaque solid samples of any thickness. Recently, we have reported for the first time that the: threshold fluence for nucleation could accurately be detemined from the opcal reflectance transients, which could also k analyzed by an effectivemedium theory to provide bubble-growth dynamics [15] . Here, we present, in addition to the optical, reflectance and scartering monitoring, the simultaneous application of the piezoelectric transducer measurements to the study of nucleation dynamics and explosive vaporization of various liquids on an opaque soIid sample that is flash heated by a short laser pulse. h an analogy 10 the reflectance signal, it is also observed &at the transient acoustic signal exhibits a threshold behavior which confirms bubble nucleation. Furthermore i t is observed that Ithe pressure wave generated by the liquid explosion causes repetitive cavitations at the surface of the solid sample. t -25 1.50 Time [wl [12] . The same argument holds also for the reflectance signal: decrease. This is well confirmed by the result? of the sirnuI~aneous measurements of the specular reflectance and scattered light as shown in Fig. 4 sapphire, and the liquid, respectively) the acoustic wave is strongly reflected at these interfaces [17] . This causes a resonance in the sapphire substrate, which predomrnantly determines the shape of the transienr acoustic signal since resonances in other media are considerably weaker..Thus, the observed frequency of the acousttc signal (-I I MHz) corresponds to the first fundamental natural frequency of the sapphire substrate [18] . This is calculated to be 11.2MHz according TO the relation where caw = 11 ' 2 x 10' mls, is the velocity of sound in sapphire [I91 and d, , = 2 5 0 p . is the thickness of the sapphire substrate in the present studies. At low laser fluences the acoustic wave is generated thermo-elastically [11, 141 and its amplitude increases In direct relation to the induced temperature at the sample surface. When the laser fluence exceeds the nucleation threshold, however, !be amplitude of the acoustic wave is increased by an additional amount due to the explosive bubble growth and collapse. The generation of strong pressure due to bubble collapse, often causing undesired cavitation damage on technical equipment, such as propeller blades, pumps, and hydraulic machines, is known for many years [20] and can also be used to remove particulate contaminants from solid surfaces (ultrasonic and megasonic cleaning) [21] . Fig, 10 . Below the threshold fluence for nucleation indicated by an arrow, the acoustic resonance ampIitude increases linedy with the excimer-laser fluence since the laser energy is coupled themo-elasticalIy into the solid sample, i.e. she fast temperature rise at the surface of Fluence (m~/cme) 11. In the case of a bare solid surface this linear dependence remains unchanged for excimer-laser ffuences well above the threshold Auence for the onset of phase change in liquids. When liquid is present on the chromium surface, however, and the excimer-laser ffuence exceeds the threshold for nucleation, the amplitude of the acoustic wave is additionalIy increased due to bubble growth and collapse, resulting in a sudden change of the slope of the curve, as seen in Fig. 10 , which marks the threshold fluence for nucleation.
hng-Time Scale Measurements rand Repetitive Cmiratiom
In a longer time scale, it is abserved that the reflectance signal drops repeatedly in a certain trme interval with decreasing amplitude, as shown in Fig. ll . The time interval between these "echo" signals depends on the distance between the chromium sample and the quartz window of the cuvette and on the speed of sound of the studied liquid. Thus, it corresponds to the time for the round-trip of the acoustic wave fiom the sample surface ro the quartzfliquid interface and back. This kind of "echo" phenomena has been also observed earlier in the pulsed-laser-induced rransient phase transformations at the Si-H,0 interface [32] . It is assumed that the first dip is due to bubble formation by superheating of the liquid, while the following echo signals are only due ro acoustic cavitation. This assumption is justified by the results of the heat-diffusion calculations, which indicate that the temperamre at the liquid/chrornium interface is already decreased ta morn temperature at about 1 ps after the excimer-laser irradiation, as shown in Fig. 12 
